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Introduction

The pressure vessel or "bomb" method of preparation of plutonium
metal (1, 2, 3) was first introduced in 1945. Plutonium fluoride is mixed with
excess calcium and a "booster" of calcium and iodine and heated in a ceramic
crucible in a scaled pressure vessel to convert the plutonium to the metallic
form. This mcthod of metal production continues to be used quite successfully
at the present time. JtU is less well known that plutonium tricnloride was ro-
duced with good yields by the same technique during the 1945 pro-ess deveiopment .
The tetiafluoride was chosen for routine metal production in preference to the
chlorvide because yields were slightly higher in the fluoride system and because
the chloride absorbed water much more rapidly. The presence of waler during
reduction of the galt significantly reduces the yield. Otker methods of pluto-
ninm metal production have been demonstrated, bat none have reccived wide accep-
tance as has the bomb veduction of the [luaride.

Two significant vroblems arve encountered in use of the plutoniom tetal luoride
reduction. One | these iz the large oumber of neutions generated by the alpha-
peul von veact ion which ocom s when alpha particles from plutonivm decay interact
wilh tloorine atoms to ftomm nentvons. The second problem is one of ominzion, i,
no pmitication ol the plutonium s nchieved by the process.

There were several reasons [or the work on seduction of plutonium chtoride

fvom amolten salta spported heve.  The foest goal wan development ol n chiloride
procedme to supplant the 1 laoy vde gystem and ats neation problem.  Another poal
wiaz development of a gystem that did not vequive o pressuree vessel o A thood

poasl wan sneledtion of anothey deductant o procedume whoch wonld peadice o
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reasonably high yield of plutonium metal but not reduce some of the more reactive
impurities. Other goals were operation at lower tempertures, and simultaneous
preparation of alloys during reduction.

Thermochemical Considerationg

As a first approximation, one may predict equilibrium concentrations and
energy release of a chemical reaction by comparing the free energies of formaticn
of the reactants and the products. Table 1 i1 a list of approximate free energies
of formation of compounds encountered in ‘eduction of plutonium, either as reduc-
tants or impurities. 1t can be seen from values listed in this tabulation that
the reduction of plutonium tetrafjuoride by calcium will result in release of much
more encrgy (37 kcal/g-atom of fluorine) than will the reduction of the chloride
by calcium (19 kcal/g-atom of chlorine). Thus. while the fluoride reaction must
be conducted in a steel pressure vessel Lo contain this vigorous reaction, a less
sturdy container will contain the chloride reduction.

Comparison of {ree energies of formation of the fluorvides of calcium, map-
nesium, plutonium and 1are earth metals leads one to the conclusion that calcium
vill veduce magnescam and che rare earths if present in the plutonium-tetral luoy ide,
while magnesiom usned an o reductont should reduce plutonium to the metal, leaving
rare carthz: in the salt phase.  Similavly, one would predict partial reduction ol
plutociom from the chlovide by magnesimm, vhile rare eacth imparetics shounld gy e
main in the salt phase.  1U might also be speculated that vedaction of ploatongum
t.om a molten 200, leaving active metal dmpuvitaes in the salt phase, can bhe oac
compiszhed by adding o slhightly subztoichiometyic amount ol reductant .

Ones may preue similay dines of deasoning in selecthing o container matesoal
for reductions Trom fused salts. Ceramic cracibles e oftea vued for such a

tave metal veductson:, and one shoubd select the most stable matecial avadlabile
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as a container. It can be seen from Table I that the most stable oxides are
those of calcium and thorium, but calcium oxide ceramics deterioriate if exposed
o moist air, and thorium oxide is a source of thorium impurity which is very dif-
ficult to separate from plutonium. In summary, free energies of formation are
useful in 1he selection of reactants and containers, but many other factors must
also be conuidered.

Experimenta Procdures

All of the experimens described here are reductions of plutoaiun trichleride
either as the pure molten salt, in solution with molten sodium chloride, or in
lithium chloride-potassium chloride eutectic. The reductants used were sodium,
calcium, magnesium, lanthanum or cerium. The apparatus used for all reductions
is shown in Fig. 1. IL consisted of a quartz furnace tube (50 mm diam) that was
closed at the top by a neoprene stopper penetrated by o quartz thermceouple well,

a Ltube tor evacuation and backtilling with argon, and a quartz reductant addition
tube.  When gronufar calcium was wsed as reductant, it was contained in ithe rotat-
able side arm of this tube s0 it could be added gradually.  In those cases where
the enecrgy rvelease was small, the veductant addition tobe was repla sed by a moly-
bedomm vod (0.002% in. dia) that was used to suspend o bar of redoctant metal .

At the desired veaction temperature, the rod was advanced through the stoppes
penctration to add the teductanl to the molten salt oo the crucible,

Three dillerent cracible materials were uned. Reductions perfoumed in
tantalum gave the best yields ol conlesceed plontonium, but the product could bhe
tecovered only by leaching awav Che salt and excess aeductant wath water o datate
mitae acid, followed by disselution « 0 the platonium with hydvochloric acad.  Mag
nesom (LOL tataniea) crucibles were satistactory tor most aedactrons and had he

attractave featmpe of allowing mechanvcal separation and recovery ol satt and metal
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products. Plutonium yields were generally slightly lower for reductions performed
in these crucibles because of formation of small metal beads and an occasional
"grey salt" yhase. Quartz crucibles were generally found to be unsatisfactory
because of rcaction with the reductant or product.

To perform reductions, the salt containing 10-20 g plutonium in the form
of the chloride was placed in a crucible which had been previously outgassed in-
vacuo at the anticipated reduction temperature. The loaded cruciile was quickly
transferred to the quartz furnace tube, and the tube was closed and evzcuated.
When the reductant addition sidearm was to be used, the furnce tube was filled
with argon, the sidearm removed, loaded with reductant, replaced, and the system
was again evacuated. The furnace tube was placed in the resistance-heat~d fur-
nace and evacuation was generally continued until the salt was molten. Evacua-
tion was then discontinued, argon was admitted to a pressure slightly below am-
bient, and heating was continued until the desired reduction temperature (up to
850°C) was reached. The reductant was then cither added slowly in the case of
high erergy release reactions, or gquickly for low energy release reactions. The
system was held at this temperature for a few minutes and the furnace power was
then switched off.  One notable departure from this procedure was the reduction
with sodium. In that case the sodium and salt were mixed in the curcible at
room Lemperalure and then heated.

Plutoniow trachloride wii prepared by hydrochlorination of the hydride (4).
Great care was exercised Lo Limit exposure of the salt to air during handltiag and
storage.  Analytical reagent grade chlovides of sodimm, potassiom, lithiom, lan-
thanum, and cerium were deied by heatiag in-vacuo before mixing with plutoniom
chiloride.  The desived mixtores ol the salts were slowly bheated to melbt ing undey--

tlowing hydiogen chloride 1o gquartz ciucibles.  The molten salts weve sparped with
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hydrogen chloride for times of up to one hour, then sparged brifely with argon,
and filtered through sintered quartz filters (5). Salts prepared in this way were
stored under argon in desiccators until needed for use.

The reductants were added in a variety of shapes. Calcium was used as gran-
ules and as rods having diameters in the range of 3 mm to 10 ®a. Sodium was in-
troduced as cubes .easuring approximately 1 cm on each edge. Lanthanum and cerium
rere used as bars having cross sections of about 5 mm by 5 mn. Magnesium and cer-
ium-cobalt alloys were used as rods with diameters of about 5 mm. Surfacec of the
Lars and rods were cut under argon tc remove ary discoloration or oxide coating.

Qualitetive Results

Qualiitative evaluations of results of reductior experiments are listed in
Table II. Reductions by granular calcium gave generally good results, but the
addition of a calcium rod suspended by a molybdenum rod cculd not be controlied
exactly erough to prevent severe spattering of the sait and cracking of ceramic
crucibles. Reductions by sodium produced plutonium meta! powder and some small
ghot. Magnesium reductions of plutonium chloride-20 wt sodiuvm chloride contain-
ing lanthanum and ceviom chliorides having l..'l(.'l:’/l’uCl:l and (.‘(-(II_’/I'u(II] mole ratios
of about 0.03 proceeded quictly, but gave plutonium yieclds of only about 33% when
only a slight excess of magnesium was nsed.  When 240% excess mangesiom was esed,
about 02% of the plutonium was reduced.  Relataive Tanhanom and ceriom concen-
trations in the metnl product were lower than in the oviginal sait by factors ol
10 to 100, Lanthanum redoct ions procecded smoothly and produced good yields with
gome geparaf ion of cerium from plutonivm.  Cerium and cevium-cobalt atloy reduc-

tions procecded smoothly and proaduced good yields of alloys with plotantom.
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Quantitative Eveluation of the Most Promising Reductions

Results of the reductions by granular calcium are shown in Table III.

In reductions 1-1 through 1-5 the salt which was reduced was pure plutonium tri-
chloride. These results are taken as an indication that the pure trichloride can
be reduced to produce acceptable yields by reduction with 25% excess calcium if
the reduclion temperature is maintained high enough. The temperature of this sys-
tem must be maintained well above the melting points of PuCl3 (769°C) and CaC'l2
(782°C) long enough for the plutonium to coalesce into a regulus or button. The
low yield of reduction 1-5 is probebly due to the low maximum temperature. In re-
ductions 2-1 through 2-9 the plutonium was put into the system as a mixture (pre-
melted and filtered as a molten salt solution) of plutonium trichloride wilh 20
wt% sodium chloride. The eutectic temperature in this system is 450°C and the
Jiquidus is about 480°. The liquidus of the product of reduction (calcium
chloride-sodium chloride) is about 520°C. These low liquidus temperatures al-
low reductions to be conducted at much lower temperatures. This is shown by the
pood yield ol reducticn 2-1.

Reductions 2-6 throngh 2-9 show the results of reduction ot plutoninm
chiloride-sodium chloride by addition of near-stoichiometric amonnts of calcium.
The yiclds are seen to be very poor.  This indicates reduction of the chilmide
Iy addition ol subsztoichiometric amomnt s of calcium in an attempt to sepavate plu-
toniom from impuvitiecs will not be a viable process,

Table 1V sbhows the vesults of reduction of plutonium chlovede (20 wty sodoum
chloride) by suspending o bar of Tanthanum in the molten salt ot temperatuwies sod
toy tames listed heve, The yields may be aceeptably high for a process that pives
A good separation Crom impimnitie: such as cerum and americium, but 1ecovery ol

the vemajming platovicm f-om the sali would requine sipneticant ellort . The
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decontamination factors for cerium in reductions 3-3 and 3-4 are of interest for
separation of plutoniuw and rare earth fission products. It is also interesting
to note that although excess lanthanum was suspended in the molten salt, the con-
centration of this metal in the plutonium product is only 0.13 wt¥.

The results of reduction of plutonium trichloride (20 wt% sodium chloride) by
heating with cerium to 675°C are shown in Table V. The low vield of reduction 4-3
is thought to have been caused by use of a lower temperature of reaction (655°C).
Since cerium readily alloys with plutonium, it is not likely that high plutonium
yields can be achieved in this system unless a product containing :everal per
cenl of cerium is acceptable. Tanthanum trichloride was present in the salt put
into the reduction at concentrations gufficient Lo produce concentrations of 3-5
wt? in the metal product if it were reduced. The decontamination facters ob-
served are of a magnitude that is of interest in processes used to separate plo-
tonium from rare carths at this concentration level.

Results of reductions of plutonium chloride (20 wty sodinm chloride) by ad-
dition of a cerium-12.1 at % coblat alloy are shown in Tale VI.  The goal of these
reductions was to prepare a 20 at 4 plutonium=-6/.5 at % cerium-12.5 at % co-

balt alloys in reductions -1 throagh 5-3 and a 50 at % plutoniom-37.% % coer-
iwm-12.% at Z cobalt alloy in redaction 5-4. The results of these reductions
tdicate the process may be feasible,
Sumnary

Satistactory reduction of molten plotonim trichloride (pure and in combina-
Cion with 20 wt? sodiqm chlovide) by calcivm, Lanthanom, and cevium has been demon-

stated on the 10-p seale. The yields were satistactory tor this scale ol opevalion

nnd it is indicated that these redoctions may be nsetol for barge meale operat tons.
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Significant separations of plutonium from rare earth impurities was demonstrated
for lanthanum and cerium reductions. Preparation of plutonium-cerium and pluto-

nium-cerium-cobalt alloys during reduction was aliso demonsrated.



Fluoride
CaF,
LiF
LaF,
CaF,
NaF
MgF,
PuF 4
AlF4

PUF4

FREE ENERGIES OF FORMATION ON SELECTED FLUORIDES

TABLE 1

CHLORIDES, AND OXIDES AT 1000 K

(Values stated in kcal per gram-atom of anion)

~-AF

125

122

121

120

112

111

107

89

88

Chloride

KC1
CaCl,
NaCl
LaCl,
CeCl,
PuCl,
MgCl,
HCl

CoCl 2

_-AF_
81
18
76
67
66
59
58
24

23

Ca0
ThO,
Cey034
BeO
MgO
Al,04
Puy04
Si0,

H,0

127
123
122
120
118
109
199

83

46



TABLE II

QUALITATIVE RESULTS OF REDUCTION EXPERIMENTS

Salt Reductant Result
PuCl5(100%) Ca, granular, 25% excess (1)
PuCl4-20 wt% NaCi Ca, granular, 25% excess 1)
Ca, granuliar, no excess (2)
Ca, rod, 5 mm diam @3)
Na (4)
Mg (5)
La (6)
Ca (7)
Ce-Co )
PuCl3-65 wt% (LiCl-KC1) Na 4)
PuCl 3-NaCl-CoCl, Ce ' 1)
RESULTS:

(1) High yiceld of coalesced Pu metal

(2) toor yield, but significant scparation of Pu from La and Ce
(3) Poor yicld; reaction very difficult to control

(4) Poor vield; Pu product was a powder

() Very low yields; significanl separation of Pu trom La and Ce
(6) Good yields; signilicant separation froo Ce; low La cone in Pu

(7)) Good yiclds of binary or termary alloys.



TABLE III

RESULTS OF REDUCTION OF PLUTONIUM TRICHLORIDE

BY CALCIUM
Ca Pu
a Ca _ b Additionc Max Yield,

No. Pu,g  Excess  Cruc:ble Temp, ©C T,°C _% Remarks
1-1 25 25% Ta 7.1-850 850 100
1-2 11 25% Ta 770-790 855 93
1-3 17 25% MgO-TiO, 757-785 850 95
1-4 16 25% MgO0-TiO, 745-1780 340 93
1-5 22 25% MgO0-TiO, 770-R04 804 69 d
2-1 13 25% Ta 700-715 715 99 ¢
2-2 10 25% Ta 700-745 720 92 ¢
2-3 20 25% l“ll.;()—'l'i()2 520-565 860 99
2-4 9 25% MgO-Ti0, 515H=-590 850 99 {
2-5 12 5%, MpO-TiO,, 25 810 U P
2-6 19 ~-1% MgO-Ti0, HY1H-60H0 815 14 h
2-7 18 1% Mg0O-Ti0., H30-n1hH 8hHD 0 h
2-8 13 -2% Ta 100-173% 850 10
2-9 12 0% Ta 020-/10 949 0h

Note: -
n. The salt tor Sevien | owas 1007 PuCly and that for Sevies 2 was B0 wid Patll
20 wt i, NaCl.

L. The MgO-Ti0, crucibles were 90% MgO-10% Tio., .



IABLE ITII Notes Continued

The temperature range is due to heating by the energy released during re-
action.

A metal fog was observed in the product salt. 1t probably was due to the low
paximum system temperature.

The Pu product was analyzed for fla and Ta. Results: 0.02% Ta; 0.12% Ca.
The Pu product was ana’yzed for Ca, Mg and Ti. Results: 3.01% Ca; 0.02% Mg;
0.1% Ti.

The calcium and salt werce mixed at room Lemperature and heated.

Salts for batches 2-8 and 2-9 contained sufficient LaCla znd CeCly Lo form a
Pu metal product containing 3.2 wi® of ecach. The Po metal was found to con-
cain »0.07% La and 0.02% Ce in Reduction 2-6, and 1.1% La and 1.6% Ce in Re-

duction 2-/.



LABLE IV

RESULTS OF REDUCT1ON OF PLUTONIUM CHLOR1DE

BY LAMNTEANUM

Time at Pu Conc. in
CeClg, 700°C, Yield Button, W% ce?
No. ~ _Pu,g Wt % _Min. b da  _Ce DF
3-1 14 0 15 9} <0.007  --- --
3-2 20 0 25 90 0.27 --- --
3-3 15 3.5 35 94 0.09 0.38 10
3-4 1/ 2.3 35 9% 0.17 0.09 27

a, . . . " . . . -
he decontapination factor (DF) for Ce is the Ce/Pu ratio in the salt divided by

the Ce/Pu ratio in the metal product .



TABLE V
RESULTS OF REDUCTIONS OF PLUTONIUM TRICHLORIDE -

20 WTY SODIUM CHLORIDE BY CERIUM

Pu it b
Yield Button Comp La

No. _Pu,g X Le, W} la, Wi _DE
4-1 15 923 27 <0.N8 >35
4-2 K] 91 t6 2.09 50
4-3 19 88 14 0.04 116
4-4 16 90 1.1 <0.04 >715G
4-5 16 90 2.6 <2.06 >240

a The remainder of the button was plutonium.
b The lTanthanum decomination tactor (DF) is the La/l’u ratio in the original

salt divided by this ratio in the button produced.



TABLE VI
RESULTS OF REDUCTYONS OF PLUTONIUM TRICHLORIDE -

SODIUM CHLORIDE BY CERIUM-COBALT ALLOYS

Pu
Max Temp, Time at Yield, _ Button Comp,at
Pu,g S T Temp,Min . Pu Ce  Co
7 775 5 98 20.7 66.6 12.7
6 560 40 97 19.8 67.4 12.8
7 645 10 921 19.5 6/.8 12.8

16 715 15 93 49.3 37.8 12.9
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